Nanocrystalline ZnS thin films incorporated onto glass substrates by chemical bath deposition method were investigated by X-Ray Diffraction (XRD), Atomic Force Microscopy (AFM), UV-Visible Spectroscopy (UV-Vis), Photoluminescence (PL), and Raman Spectroscopy (FT-R) studies. The influence of thiourea on the structural and optical properties of ZnS films was discussed in detail. The X-ray diffraction patterns confirmed the rhombohedral structure of ZnS thin films. AFM measurements indicated the nano carpet-like surface morphology variation in film with influence of thiourea. The optical absorption studies in the wavelength range of 200-800 nm showed that the band gap energy of ZnS has decreased from 3.69-3.36 eV, as thiourea varied from 0.2-0.8 M. The PL spectra divulged a shift near band edge emission around 360 nm, when thiourea concentration was increased. The Stokes shift calculations from PL emission spectra supported the relative intensities estimated from PL energy band spectra and showed a dependable repeatability for different molar concentrations. The Zn-S complexes were identified in the Raman spectra and the Raman spectral shift for 0.6 M composition of thiourea, which was found to be appreciable for ZnS thin films. The characterization studies clearly exposed the effect of thiourea onto the chemically deposited ZnS thin films.
Introduction
Zinc Sulphide (ZnS) belongs to a typical n-type semiconductor of II-VI semiconductors family [1] [2] [3] . It has a wide direct band gap of 3.6 eV and exciton binding energy of 40 meV at room temperature [4] . Because of its broad band gap energy, it is mostly used in blue shift light emitting diodes [5, 6] . Also, it is a promising material for future applications such as electroluminescent devices, displays, window layers of solar cells, solar and UV light emitting diodes, anti reflecting coatings, photovoltaic, and optoelectronic devices [7] [8] [9] [10] [11] . There are different techniques employed in the preparation of ZnS thin films, viz. electro deposition [12] , pulsed laser deposition [13] , spray pyrolysis [14] , and chemical vapor deposition [15] . Among them, the chemical bath deposition (CBD) technique is more advantageous, since, it has simple methodology, ability to tune the optical properties of the films, and large area deposition [1] . The effect of different substrates on the ZnS thin films was studied by Bacha et al. [16] and Daranfed et al. [17] . Lashgari et al. [18] investigated the electronic and optical properties of 2D ZnS and compared them with Wurtzite phase 3D ZnS using DFT calculations. In the present work, the authors focused on the preparation of nanocrystalline Zinc Sulphide thin films on glass substrate by using the chemical bath deposition method of different molar concentrations and their structural properties, surface morphology, particle size, and optical properties by using XRD, AFM, UV, PL, and FT-RAMAN studies, respectively were reported.
Experimental details
The stoichiometric nanocrystalline ZnS thin films were prepared by modified chemical bath deposition technique. The preparation process involved three steps, firstly, the substrate preparation, secondly, the synthesis of precursor solution, and thirdly, the ZnS film deposition.
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Substrate preparation
The glass substrate (25 mm × 75 mm dimension) is used for film fabrication, since; it exhibits a maximum of 56% of transparency in visible light. Initially, the substrates were heated with concentrated chromic acid for 2 h and they were left at room temperature for 12 h. Then, the substrates were washed with acetone and rinsed with deionised water. Later, the clean glass slides were dipped into a beaker containing mixture solution. Finally, the setup is ready for film deposition. Table 1 . Each elemental solution was magnetically stirred for 30 min to form a homogeneous mixture. Then, the pH of precursors was well adjusted to 12 with ammonia solution using a pH meter. Lastly, these equimolar solutions were mixed together and stirred further for deposition of good quality films.
ZnS precursor solution
Nano film deposition
A paraffin oil bath was maintained at a constant temperature of 85 °C. The pretreated substrates have immersed into the bath to have thin film deposition for an hour. To enhance the incorporation of ions on substrate, a modified chemical bath deposition was carried out. It was accomplished by drop wise (25 drops/min) addition of ammonium nitrate solution and tri sodium citrate solution simultaneously into the precursor solution. The reaction solution was stirred during the deposition process. After the deposition, the substrate coated with ZnS films was washed with distilled water, and then, dried in open atmosphere, at room temperature, for 2 days. A typical synthesis of the film is shown as flow-chart in Fig. 1 .
The reactions involved during the sample (films) deposition are as follows.
Reaction I: Zinc Nitrate with water for Zinc Nitrate decompositions:
Reaction II: Thiourea with water for Thiourea decompositions:
Reaction III: Trisodium citrate with water to speed up the reaction:
Final Reaction: Reaction I and II combines to form ZnS deposition Water is a nucleophilic species and has a lone pair of electrons. The equations indicate the reaction against Zinc nitrate (Eq. 1), thiourea (Eq. 2) with the formation of intermediate compound that disintegrates to form the required ZnS products (Eq. 4). The reaction products of tri-sodium citrate with water (Eq. 3) were used to speed up the chemical reaction.
Characterization techniques
The powder XRD studies were carried out using a Rich-Seifert diffractometer with Cu Kα (λ = 1.5406 Å) radiation for 2θ values over 10°-70° for four different concentrations of thiourea in ZnS thin films. The 3D surface morphologies of ZnS thin films were compared with four different concentrations Zinc Nitrate + water → Zinc hydroxide + Nitric acid
Thiourea + water → Intermediate compound
Trisodiumcitrate + water → Acetic acid + Sodium hydroxide of thiourea using Atomic force microscopy (AFM, Digital Instrument, and Nanoscope III, USA). The transmission spectrum was recorded at room temperature using Shimadzu 1601 UV-Vis-NIR spectrophotometer in the range of 200-800 nm. The BRUKER RFS 27: Stand alone FTRaman Spectrometer was used to measure the spectra in the range of 4000-50 cm −1 . The JY Fluorolog-3-11 fluorimeter provides optimum performance for both excitation and emission radiation in the range of 180-250 nm.
Results and discussion
Structural analysis
XRD studies
Powder X-ray diffraction analysis was carried out on thin films using the Cu Kα radiation (λ = 1.54060 Å) Rich Seifert diffractometer. The recorded data were step scanned from 10° to 70°. The XRD patterns of as-deposited ZnS thin films onto the glass substrates with different molarities concentration are shown in Fig. 2 . The standard JCPDS data file of ZnS XRD pattern is given as an insert in Fig. 2 . The diffraction peaks of these ZnS thin films exhibit strong and weak non-discernible peaks. The observed diffraction lines corresponding to different planes indicated rhombohedral pattern which were confirmed by Saroj et al. [19] and Qutub et al. [20] . The result demonstrates that the diffraction peaks shifted to slightly higher 2θ value as given in Table 2 . The XRD pattern hardly indicated any intense peak when the molar concentration was set to a low level of 0.2 M. However, the XRD pattern showed a single sharp peak when the molar concentration was increased to 0.4 M. Further, when the molar concentration was increased to 0.8 M, multiple sharp intense peaks appeared and were clearly visible. Thus, by increasing the molar concentration, the appearance of the number of sharp intense peaks increased. Therefore, it is established that the amorphous nature decreases with the increase in molar concentrations and improves the crystalline nature of the ZnS thin film. The XRD peaks observed in the present work were well defined for all molar concentrations as shown in Fig. 2 . The predominance of the peak appearance of each case, confirmed the existence of the improved crystalline nature of the as-deposited films. Irrespective of the critical factors like annealing at different temperatures, thicknesses, multiple depositions, deposition time and nature of substrates, the appearance of increased number of intense, sharp, and multiple peaks at XRD pattern were very clear and it attributed to the present procedure of CBD. Such a clear XRD pattern has not been reported in the earlier studies made by Liu et al. [21] , Ladar et al. [22] , Sahraei et al. [23] , and Zhou et al. [24] . All those studies reported about the existence of non discernible peaks for low thickness ZnS films.
Unlike the reports made by Long et al. [25] and Shin et al. [26] , the present XRD results show rhombohedra structure with multiple discernible peaks of ZnS films and it is appreciably different from the reports of Shin et al. [27] . Though the increased numbers of well laddered, high intense peaks indicate the improved crystalline nature for 0.8 M, the XRD intensity for 0.6 M was more intense than that for 0.8 M due to the orientation of the nano-crystals along a single direction (0 1 20) plane for 0.6 M. It is further justified by employing AFM surface morphology observations. The absence of phases of ZnO or Zn(OH) 2 in the XRD pattern indicated the side reactions were restrained in the solution as reported by Liao et al. [28] . Also, the FT-Raman studies substantiated the obtained result. Further, it explicated the effect of annealing on ZnS thin films. With different annealing temperatures, Dalouji et al. [29] recorded special deposition conditions to fabricate carbon-nickel films for electronic device applications. By annealing, the properties of the ZnS thin films change to ZnO films [4] . In order to retain the physical properties of the ZnS thin film, all the four samples were studied without annealing. Thus, Sulphur ions in thiourea play a crucial role in producing multiple peaks of XRD and indicating the crystalline nature of films. Similar results were reported by Arbi et al. [30] and Xu et al. [31] by using electro-deposition technique, Khomyak et al. [32] and Yoo et al. [33] by using RF magnetron sputtering method.
The mean crystalline size D is calculated using the Debye-Scherrer formula (Eq. 5) where K is the geometric factor (0.9), λ is the wavelength of X-ray, β is the full width half maximum (FWHM), and θ is the angle of diffraction. The structural details and mean crystallite size (D) values are presented in Table 2 . It is evident that, increasing the molar concentration from 0.2 to 0.8 M increases the particle size from 64 to 189 nm, as depicted in Table 2 .
Atomic force microscopy (AFM) studies
The AFM studies gave the researchers an idea about the surface morphology of the as-deposited ZnS films. The nano carpet like patterns obtained for 0.2, 0.4, 0.6, and 0.8 M samples are shown in Fig. 3 . Talu et al. [34] applied atomic force microscopy to characterize the 3D surface topographic features, particle size variation, and distribution of nanowires grown in an electric field.
The correlation between the size variations on grains by using the XRD patterns with that of the AFM study is portrayed in Fig. 3 . The micrographs clearly reveal the effect of increasing thiourea concentration. The nanocrystals were not agglomerated and thus, the grains had grown in the same direction with uniform size for 0.6 M. Hence, based on this structural analysis, ZnS thin films for 0.6 M concentration of thiourea could be recommended for the optoelectronic device fabrications. 
Optical properties
The optical properties of the prepared films were studied by using the UV-Vis, photoluminescence, and Fourier Transform Raman spectroscopic measurements.
UV-Vis spectroscopy
The UV-Vis measurements of ZnS thin films deposited on glass substrates were made with the wavelength range of 200-800 nm. In order to have a clear picture about the variation of absorbance (%) with the wavelength (nm) for all the four different concentrations of thiourea, the region under discussions was enlarged (280-380 nm) and depicted as an inlet (b) in Fig. 4 . The Figure shows the absorption spectra of ZnS thin films for different molarities. Also, a range of sharp absorption edges was observed for different molarities of the ZnS deposited on the glass substrates. From the spectra of Fig. 4 , it can be observed that the absorbencies of the ZnS thin films were rapidly decreased up to 365 nm, after which it become stable above 400 nm. With an annealed ZnS film, Doha et al. [35] observed sharp band edge absorption and reported that ZnS has a direct band gap. Similar type of results of ZnS films on glass substrates were reported earlier by Inamdar et al. [4] also. In the present work, a similar sharp absorption band edge of all the samples was observed, but without annealing. And hence, it can be considered that the as-deposited ZnS thin films have a direct band gap. Using Tauc's relationship [36] , the absorption coefficient (α) of ZnS can be correlated with band gap E g and photon energy hν as (Eq. 6) where A is a constant, n is ½ for allowed direct transition, and E g is the optical band gap. The E g value is estimated by extrapolating linear part of (αhν) 2 versus photon energy hν plot to αhν = 0. The Tauc plots of all the samples are shown in Fig. 5 . The optical band gap (E g ) values obtained from these Tauc plots are presented in Table 3 The band gap was found to decrease with increasing molar concentration, as given in Table 3 ; for higher concentrations of thiourea, the energy gap has decreased considerably from that of the bulk (3.7 eV) [16, 37, 38] .
The crystallite size was found to be increased with the increased molar concentration of thiourea, as given in Table 2 . According to the reports of Bacha et al. [16] , the glass substrate had a greater disorder which had influenced the optical band gap of the prepared film. In the present work, all the ZnS thin films were deposited on the glass substrates, so that; the reduction in the optical band gap can be well noticed with the concentrations.
(6) αhν = A hν − E g n Goktas et al. [39] reported that the band gap had decreased from 3.59 to 3.23 eV upon increasing the Mn doping content, and Nasir et al. [40] observed that the optical band gap had decreased from 3.8 to 3.45 eV on increasing Al concentrations. In the present analysis, the absorbance peaks shifted to higher values of wavelength starting from 336 nm (0.2 M) to 368 nm (0.8 M), as given in Table 3 . The decrease in the band gap was attributed to the appearance of S ions. The variation of energy band gap and crystallite size with different molar concentrations of thiourea in ZnS thin films are shown in Fig. 6 . The band gap values obtained in the present study were in close agreement with those of Sahraei et al. [23] .
Photoluminescence analysis
In order to investigate the effect of thiourea on the optical properties of ZnS thin layers deposited on the glass substrate, the photoluminescence measurements were employed. As photoluminescence spectroscopy provides information about the structure, band gap, impurity levels, and localized defects in semiconductors thin film [41] , the room temperature photoluminescence spectra are recorded for ZnS thin films in the spectral range of 340-500 nm with 325 nm excitation wavelength corresponding to photon energy of 3.8 eV, which is larger than the band gap of the ZnS thin films, and shown in Fig. 7 . An insert of Pl excitation spectra is included in the Pl emission spectra to ensure that, for all the four samples, the PL measurements were carried out carefully with the same excitation wavelength. From the Fig. 7 , two emission bands can be noticed for all the four samples with increase in the molar concentrations of thiourea. The PL emission is observed to be centred at 360 nm for 0.2 M of thiourea and it is centred around 359.9 nm for 0.6 and 0.8 M of thiourea. They were the near band emissions in the UV region which are the characteristic emission peaks of ZnS thin films [42, 43] . Adjacent to those characteristic band emission peaks, another emission peaks exists between 370 and 372 nm for all the molar concentrations of thiourea as given in Table 4 . John et al. [44] reported that the PL emission peaks were observed at 388 and 398 nm which might be attributed to the band gap emission and that the strong band gap emission demonstrated high crystalline nature of the ZnS nano particles. In the present studies, a split in emission bands can be noticed in Fig. 7 PL spectra. The split in the emission bands is attributed to the spin-orbit coupling ('s' orbital-'j' orbital coupling in the nano-crystalline ZnS thin films [42, 43] . Minute additional humps appeared around 400 nm in the blue emission region and close to 500 nm in the green emission (both the emissions are not apparent in Fig. 7 ) for 0.6 M. These humps (normally considered as weaker peaks) can be related to zinc vacancies and sulphur vacancies, respectively, as reported by Prathap et al. [45] . A similar kind of additional hump noticed around 489 nm for 0.8 M (not apparent in Fig. 7 ) can be associated with zinc interstitials [45] . The variation of PL emission peaks and the intensity of ZnS thin films for different molar concentrations of thiourea are given in Table 4 . Over all, the non-existence of sharp appreciable peaks beyond 450 nm in the PL emission spectra depicted that the films synthesized were appreciably free from defects, dislocations, and impurities. The results have revealed that the prepared ZnS thin films for all the four samples have better quality and dependable crystalline nature. The photoluminescence energy band spectra ( Fig. 8a-d ) are plotted from the PL emission spectra in the energy range of 2.1-3.6 eV and the results are summarized in Table 4 . It is obvious, from Table 4 , that there is a slight variation in energy band gap as the molarity of thiourea increased from 0.2 to 0.8 M. The emission energy band gap, E g1 varies only in the third decimal and beyond which implies that the variation of thiourea concentration has negligible effect on PL emission. This is again attributed to the reason that all the samples are with high purity and defect-free quality, as discussed above. The PL emission band gap results were found to be too close to the UV absorbance band gap results. Dejam et al. [46] observed increased Pl emission intensities for AZO annealed films by reactive RF sputtering method. From Table 4 , it is inferred that the relative intensities (RT1) increases from 0.6604 (0.2 M) to 0.8905 (0.8 M) and RT2 varied from 0.6680 (0.2 M) to 0.9275 (0.8 M). This is attributed to more number of electron-hole recombination occurrence in the low conduction band energy levels. Further, it is also clearly explained with Stokes energy shift in Table 4 . The energy transfer during electron-hole recombination mainly depends on phonon participation. The difference in energy absorbed and energy emitted is the Stokes energy shift [47] . The energy will always be a lower value, because, according to the Stokes phenomenon [47] , the energy emitted is always lesser than the energy absorbed. The Stokes energy shifts [41] were calculated using the Eq. (7) and it is tabulated in Table 4 .
The values in Table 4 show meager shift in Stokes energy from 0.3715 eV (0.2 M) to 0.3700 eV (0.8 M) by increasing molar concentrations of thiourea. The main reason for these variations in Stokes energy can be attributed with phonon involvement in relaxation processes [41] . In addition, this behavior can be related to the non-radiative recombination of electron hole pairs present in the low conduction energy levels [41] .
FT-RAMAN analysis
The information about the material composition, crystalline structure and lattice dynamics of a film were obtained
from Raman spectroscopy [48] . In the present study, Raman spectra have been used to reassert the presence of Zinc-rich and Sulphur-rich complexes with increasing thiourea concentrations and their effects on emission characteristics in the prepared ZnS thin films. Further, the existence of phonon modes by Stokes and anti-Stokes shifts were studied using Raman spectroscopy [28] . With regard to the literature, the peaks in the region of 300 cm −1 (strong) of 0.2, 0.4, 0.6, and 0.8 M correspond to transverse (TO) and longitudinal (LO) optical phonons of Zn-lattice [49, 50] . The film quality and vibrational properties of ZnS nano particles were analyzed using Raman Scattering at room temperature as shown in [28] . The shift in Stokes energy in the Raman spectra from 2764 cm −1 (0.2 M) to 2705 cm −1 (0.8 M) of S-H modes was due to the increase in sulphur vacancies with the increase in thiourea concentrations [49] . All over, the FT Raman spectrum resembles FT-IR Spectrum [49] of ZnS thin films, and hence, the other peaks 1491 cm −1 (Strong-S) (0.2 M), 1671 cm −1 (S) (0.4 M), 1094 cm −1 (S) (0.6 M), 1198 cm −1 (weak-w) (0.8 M), correspond to C=S groups [28] . It was observed that the spectra assigned for C=S groups occur quiet stronger in all the four molar concentrations of thiourea, which confirms the presence of sulphur complexes in the ZnS films. The peaks centered around 1569 cm −1 (w) (0.2 M), 1768 cm [7, 54] . Also, no additional peaks are observed for ZnO or Zn (OH) 2 which indicates that all the four samples were studied instantly without annealing. In the present study, the results corresponded with XRD pattern analysis as discussed earlier. Thus, the structural analysis made by XRD and FT-Raman well establishes the fact that the prepared ZnS thin films were crystalline in nature without additional impurities.
Conclusion
Synthesis of ZnS thin films with different molar concentrations of thiourea was done by a modified chemical bath deposition technique at 85 °C temperature and the structural and optical studies were carried out. The XRD studies showed improved crystalline nature of the ZnS thin films. However, ZnS thin films prepared with 0.6 M thiourea concentrations showed preferred growth along (0 1 20) direction with higher intensity. The nanocrystallites of various sizes were observed as a three dimensional image using AFM. In particular, homogeneous nanoparticles with less agglomeration were observed for 0.6 M ZnS film. The UV-Vis spectra of ZnS film revealed a strong absorption edge due to the high crystalline nature. The band gap was found to be decreased with an increase in the thiourea concentration. The near band emission of PL spectra centred around 360 nm was observed for all the films with a noticeable Stokes shift that varies with molarity of thiourea. The absence of emission peaks in the visible region provided evidence for the lack of impurities and defects. The FT-Raman absorption spectra showed the characteristic peak in the finger print region of the ZnS from 664 to 871 cm −1 . The absence of ZnO vibrational modes in FT-Raman analysis confirmed the purity of ZnS in its pristine form.
